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ABSTRACT
Elevation power spectra are calculated for sections of pavement
for which Bureau of Public Roads roughometer ratings are available, and
these ratings are compared with a criterion of pavement condition based
on the computed elevation power spectra. In general, the criterion of
pavement condition determined from the power spectrum is less reliable
than the criterion of condition determined by the roughometer.
Problems associated with the calculation of elevation power spectra
fronn highway elevation nneasurements are discussed, and the effects of
two different methods for obtaining elevation deviations are shown. The
use of a running mean for this purpose is shown to yield more satisfactory
results.
Power spectra calculated from data obtained by other devices used
to determine highway condition are also included. These devices give good
results, although insufficient data are available to form a valid conclusion
relative to the perfornnance of these devices.
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SUMMARY OF FINDINGS
(1) A more reliable criterion of pavement condition is obtained
from the Bureau of Public Roads roughometer than is ob-
tained from a power spectrum calculated from elevation
measurements taken under normal field conditions.
(2) The most reliable criterion of pavement condition determined
from a power spectrum calculated from elevation measure-
ments was obtained when elevation deviations were calculated
from a running mean.
(3) It appears possible to obtain elevation power spectra from
special devices, developed for the purpose of measuring
pavement condition, but for the devices considered in this
report insufficient data are available to form a valid con-
clusion in this regard.
I. INTRODUCTION
A previous report summarizing the activities conducted
under NCHRP Project 1-2 was issued in February 1964, in which a
comparison was made of different methods for measuring pavement con-
dition. During the time that this investigation was conducted, sufficient
information was obtained to permit the calculation of elevation power
spectra. This report deals with the problems that are associated with
using elevation power spectra as criteria of pavement condition. The
objectives of this investigation were as follows:
( 1) Investigate various methods for calculating highway power
spectra from elevation measurements.
(2) Investigate the possibility of using elevation power spectra
as criteria of pavement condition.
(3) Consider the possibility of using other highway measure-
nnents in place of elevation measurements to obtain high-
way power spectra.
With theseobjectives in mind, further study was conducted of the
data collected on NCHRP Project 1-2, and the results of this effort are
summarized in this report.
A brief explanation of an elevation power sp£ctrum is
appropriate at this point.
An elevation power spectrum is a curve (see Figure 2) that
shows the extent to which various wave lengths in a longitudinal highway
profile contribute to che overall roughness of the highway. The units
of wave length are "feet per cycle, " but in performing the necessary
calculations it is more convenient to use the reciprocal of this quantity
which is "cycles per foot". This latter quantity is a distance-based
frequency, and is plottec along the horizontal axis as shown in Figure 2.
The area under the power spectrunn curve represents the
mean square value of the vai iation in the elevation measurements. If
the highway were perfectly smooth (and level), the elevation values would
be identical and there would be no variation. The elevation power spectrum
for such a highway woula therefore coincide with the horizontal axis shown
in Figure 2.
For a level highway with sonne roughness there would be a
variation in the elevation measurements. The area under the corresponding
elevation power spectrum curve would therefore be equal to the mean
square value of the variation in the elevation measurements and would
thus have the units of "feet squared. " Hopefully it is this quantity that
can be used as a criterion of pavement condition.
Since the area unci^r an elevation power spectrum curve will have
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the urats of "feet squared", and since the frequency in "cycles per foot"
is plotteo along the horizontal axis, the ordinate s of the curve must have
the units of "feet squared per cycle per foot" (ft /cpf). This quantity is
indicated as the elevation power density in Figure 2.
As previously mentioned, the area under the curve should serve
as a criterion of pavement condition, since the rougher the highway, the
greater will be the variation between adjoining elevation nieasurements,
and hence the larger will be the area bounded by the power spectrum
curve and the axes.
Moreover, the area between any two selected frequencies (or
wave lengths) represents the contribution (in "feet squared") that that
band of frequencies makes to the total roughness of the highway profile.
Figur>. Z thus indicates that low frequencies (long wave lengths) make
the greatest contribution to the overall roughness of the highway profile.
If properly ceterminea, the highway elevation pov.'er spectrum
should not only indicate the roughni;ss of the highway (total area) but should
also indicate the contribution of various wave lengths to the total roughness.
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II. PROBLEMS ENCOUNTERED IN CALCULATING ELEVATION POAVER
SPECTRA FROM ELEVATION MEASUREMENTS
Investigators interested in predicting the behavior of vehicles
on highways require a suitable characterization of the highway profile that
can serve as an input for their problems. An elevation power spectrunn,
calculated from highway elevation measurennents, has attracted consid-
erable interest for this purpose, and has been considered by nnany investi-
gators as a means of describing a pavement profile. The chief attraction
of the elevation power spectrum is that it can theoretically represent the
extent to which various wavelengths exist in a highway profile. In addition,
it can be used with suitable vehicle characteristics to predict the behavior
of the vehicle. For these reasons the power spectrum has received con-
siderable attention.
K the elevation power spectrunn is to serve as a detailed
description of the pavement profile, it must correlate with other criteria
of pavement condition. Fortunately it is possible to summarize the de-
scription afforded by an elevation power spectrum by considering the total
area under the power spectrum curve. This gives the nnean square value
of the variation in the pavement profile, and thus a single number is
available from the power spectrum as well as a more detailed descrip-
tion of the pavement profile. One purpose of this investigation was there-
fore to connpare this criterion of pavement condition obtained fronn the
elevation power spectrunn with other criteria obtained for the same length
of pavennent. It is therefore appropriate to discuss some of the major
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problems that are encountered when calculating an elevation power spectrum
since different ways of meeting these problems will result in the calculation
of different elevation spectra for the same highway profile.
A. Accuracy of Elevation Measurements
The first question encountered is that of the accuracy with which
highway elevation measurements must be made. This is a difficult ques-
tion because the problem arises of determining the amiplitude of the wave-
lengths that are to be observed in these measurements. If these wave-
lengths are of small annplitude then the elevation measurements must be
made with a relatively high degree of accuracy. On the other hand if the
amplitude to be observed is relatively large, then a greater degree of
error is permissable. In answering this question it is therefore impor-
tant to know the purpose for which the resulting power spectrum will be
used in order to set allowable tolerances for the elevation measurements.
In previous publications the use of elevation power spectra
as highway characterizations in predicting dynamic vehicle forces has been
discussed. In this case the vehicle characteristics indicate the degree of
accuracy that must be nnaintained in characterizing a highway with a power
spectrum. This condition is revealed by the fact that the vehicle charac-
teristics indicate that the vehicle is sensitive to long wavelength distur-
bances that cause excessive motion of the sprung mass of the vehicle. It
is therefore desirable that an elevation power spectrum accurately
represent wavelengths that contribute to this type of vehicle motion.
Since long wavelengths usually have large amplitudes, the measure-
ment of these disturbances in the highway profile offers no special
problem.
On the other hand the vehicle characteristics indicate that
the vehicle is very sensitive to short wavelengths that produce wheel
hop, or appreciable motion of the unsprung mass of the vehicle. Un-
fortunately these short wavelengths are ucu::lly of relatively small
amplitude, and hence must be measured with a highdegree of accuracy.
The extreme sensitivity of the vehicle to these disturbances indicates
that error in nneasuring short undulations can produce appreciable error
in the predicted forces.
If on the other hand the vehicle is not sensitive to short wave-
lengths then error in these disturbances will not affect the response of
the vehicle to any appreciable extent. As a result it would not be neces-
sary to measure the small wavelengths with a high degree of precision.
Thus it is not possible to give a single rule concerning the
accuracy with which elevation measurements must be made when they are
to be used for calculating an elevation power spectrum. An indication of
the level of accuracy that is required is indicated in the results obtained
from this investigation.
B. Technique to be Used for F.emoving Long Wavelengths
The calculation of an elevation power spectrum of a highway-
consists basically of two important steps. The first of these involves
selecting the preliminary processing technique to be used on the ele-
vation measurements (obtained with rod and level) to prepare them for
the power spectrunn calculation, while the second step is that of perform-
ing the power spectrum calculation after suitable input data have been
obtained.
The probleiii of selecting an appropriate data preprocessing
procedure is best discusseo by referring to Figure 1. In this figure the
original grade line of a perfectly smooth highway is indicated as a portion
of a sine wave. This could be caused by the highway going over the crest
of a hill. Elevation measurements of the profile would indicate the
existence of a sine wave having an enornaous amplitude ana an extremely
large wavelength. If the pavement surface is perfectly smooth, this
should not be reflected in a criterion of the pavement condition. As a
result, it is therefore necessary to remove this effect fronn original
elevation measurements if a valid criterion of the condition of the pave-
ment is to be obtained. If after several years of use the present highway
profile is as indicated, it is apparent that the original surface of the pave-
ment has been naodifieo, A criterion of pavennent condition must therefore
be based upon the difference between the original profile and the present









original grade line must be obtained. A fundamental problem is there-
fore that of selecting a procedure for obtaining these deviations. It is
these deviations that are introduced into the calculation of a power
spectrunn in order to obtain a suitable criterion of the condition of the
pavement.
Unfortunately no convenient reference is usually available to
measure the deviation of the present highway profile from the original
grade line, and as a consequence certain mathematical techniques must
be employed to obtain the desired deviations. Since the original grade
line is not accurately known, it is therefore difficult to be certain that a
selected mathematical procedure will yield the correct results. Further-
more, if different mathematical procedures are used, then different power
spectra will result. As a consequence, it is therefore possible to obtain
different power spectra from the same set of elevation measurements,
depending on how the deviations were obtained from the elevation measure-
ments of the highway profile. The fundamental problem is therefore that
of starting with the present elevation nneasurements indicated by Y. and
of obtaining the deviation of the present highway profile from the original
grade line as indicated by X.. The values of X. are then used to calculate
the desired elevation pcwer spectrum.
One technique in common use for obtaining the desired deviations
consists of first obtaining the average elevation Y fronn the entire set of
elevation measurements Y.. This value is then subtracted from each
1
elevation measurement in turn to obtain the values indicated by Z.. A
running mean, established by a selected number of these quantities, is
then subtracted from the value of Z. at the nnidpoint of this mean to obtain
1
the deviation X. shown in Figure L The values of X are then used to cal-
culate the power spectrum. One problem that is immediately encountered
is that of selecting an appropriate number of values to fornn the running
nnean. If this number is relatively snnall then longer wavelengths are
virtually excluded from the calculation. The question thus arises as to
the wavelengths that must be retained in calculating a power spectrum.
(4)
Previous research indicates that the use of this technique introduces
an amplification of certain wavelengths that may be present in the highway
profile. If a long running mean is established using a large number of
values of Z., then large deviations will be obtained. If the running mean
is very short, then much smaller deviations will be obtained. Since the
magnitudes of these deviations will directly influence the elevation power
spectrum, a consistent approach to the problenn of determining the appro-
priate length of a running mean is necessary.
Another method for obtaining deviations is to approximate the
original grade line by passing a second order least squares curve through
the existing elevation measurennents. Deviations are then obtained between
this curve and the existing elevation measurements to procure the values
X. shown in Figure 1, These values are then used to calculate the elevation
power spectrum,
8
Virtually the same question can be asked concerning this nnethod
that was encountered in the case of the running mean. The selection of an
appropriate number of elevation measurements to be used in forming this
second order base line is not easy to answer. In general, a second order
curve will afford a reasonable approximation to the original grade line of
a well designed highway if it is of appropriate length. If, however, the
grade line of the highway contains a point of inflection then a second order
approximation will not be accurate and the resulting deviations will be much
larger than they should be. A short length of base line approximated in
this fashion will largely remove the effect of long wavelengths while a long
approximation to the base line will retain the longer wavelengths in the
profile. The filtering characteristics of the second order base line are
superior to those of the running nnean in that they do not give excessive
amplification to certain wavelengths in the pavement profile. A major
difficulty encountered with the use of the second order base line is due
to the fact that successive sections of these base lines have discontinuities
at the ends of the sections and these influence the power spectrum calcu-
lations.
(5)Another technique that has been ennployed for the purpose
of obtaining deviations is that of using successive differences between
adjoining elevation measurements. Vv'^hen this technique is employed it
is necessary to make an appropriate correction in the resulting elevation
power spectrum in order to remove the pronounced filtering effect that
is introduced. 9
The problem of obtaining deviations from the existing profile
to the original grade line is difficult, and no completely satisfactory-
technique for doing this is at present available. Since this constitutes
an important step in the calculation of an elevation power spectrum
it is desirable that a suitable procedure for acconnplishing this task be
developed.
C. Procedure for Calculating Power Spectrum After Elevation
Deviations Have Baen Obtained
The procedure used for calculating the elevation power spectra is
that developed by Blackman and Tukey and is summarized as follows.
After the elevation deviations have been obtained the mean
lagged products are calculated using the following relationship:
q=n-r
C = ) X • X
r n-r ^ q q + r
q=o
C = sample autocovariance at lag value r(^-'7')
r = lag index (0, 1, 2, — - m)
n - number of deviation measurements nninus one
X = elevation deviation at station q
q
q = deviation index (C, 1, Z, n)
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If this relationship, sometimes referred to as the autocovari-
ance function, is plotted as a function of lag index h it should approach
zero as the lag index increases. Hopefully this function would go to zero
for some value of the lag index and remain at zero for any greater value
of the index. Unfortunately this is not the case with highway data, and
hence it is necessary to select some lag index h at which the function
will be terminated. This involves the selection of a maximum lag value
to be used in the analysis, and in this case a maximum lag value of fifty
was used. In passing it should be noted that the zero lag value of the
autocovariance function gives the nnean square value of the elevation
deviations and these values should check with the area under the resulting
power spectrum curve.
The next step is to calculate the raw spectral density estimates
using the relationship:
V^ = 2 At
h
r=m- 1





+ C cos (h7r)m j m -
At = distance between elevation measurements (taken to be
one foot)
m = nnaxinnunn lag index
h = frequency index '0, 1, 2, m)
V = raw spectral density estimate at frequency index h
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This relationship provides the Fourier transformation of the
autocovariance function that is an essential process of this calculation.
The final step is to compute the refined spectral density-
estimates using the relationship:
U, = 0. 23 V, ,4- 0.54 V, + 0.23 V,
h h - 1 h h + 1
U, = refined spectral density estimate at frequency index h
h
(For further information consult reference (6). )
These values are the ordinates of the elevation power spectrum
curve and have the units of feet squared per cycle per foot. The abscissa
have units of cycles per foot, and the resulting area under the power spectrum
curve is thus the product of these two quantities which is feet squared.
(5)
Other investigators have introduced an additional step in
which the filtering effect of the technique used to obtain the elevation
deviations is removed from the power spectrum. A previous study was
conducted of these filtering techniques. The conclusion of this investiga-
(4)
tion was that in general, for the filtering procedures employed, the
additional calculations did not appreciably modify resulting power spectra.
Because of the greatly increased cost of connputation in carrying out these
additional filtering operations they were not introduced in this investigation.
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The relatively minor effect on the values obtained would not appreciably
change the results that were obtained in this study.
As can be seen in Figure 2, the ordinates of the power spectrum
in the first frequency band are extremely large, and as a consequence the
area associated with this part of the curve is also large. Furthermore,
the greatest effect of the filtering procedure is to modify the ordinates
of the power spectrum curve in this range. As a consequence, areas
under the power spectrum curves were calculated with and without this
first frequency band. These areas gave the mean square value of the
roughness of the highway and were used as criteria of pavement condition.
The most important decision to be made in calculating power
spectra is that of selecting the procedure for obtaining the elevation deviations.
The results that were obtained were therefore influence to a much larger
extent by the decision concerning the preliminary data processing pro-
cedure used to obtain the elevation deviations rather than by decisions
concerning the procedure for calculating the power spectrum after these
deviations had been obtained. For this reason a more extensive discussion
of the mathematical procedure for calculating the power spectrum is not
included.
D. Criteria of Accuracy for Power Soectra
Many d3vices for evaluating pavement condition give a single
number that can be used for this purpose. In order to compare the results
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obtained from a power spectrum calculation it is therefore necessary to
obtain a single number that will be comparable to the other criteria that
are considered for this purpose, A criterion of roughness, based on
the elevation power spectrunn calculation was therefore taken to be the
area under the power spectrum curve. This nunnber was then connpared
to other criteria of pavement condition. In this report the most conveni-
ent criterion of pavement condition was that obtained from the Bureau of
Public Roads roughometer, and in all cases the results of the power
spectrunn calculations are compared with this criterion.
Although it is possible to obtain a single number to represent
the pavement condition from the power spectrunn calculation (area under
the power spectrum curve), it is desirable to make a more detailed
comparison of the highway power spectrum.
It is possible to do this if the nature of the highway profile
can be deduced from the behavior of the vehicle travelling over the
highway. A calculation of this type has been made in which the condition
of the highway has been determined fronn dynamic tire pressure measure-
nnents. vVith this infornnation it is possible to compare an elevation power
spectrum obtained by observing the behavior of a vehicle. This type of
comparison enables an investigator to see where large differences may
exist between the two power spectra.
Two criteria are thus available by which an elevation power
spectrum can be judged. One is the area under the power spectrum
14
curve that can be compared with any measurement of pavement condition
that can be represented as a single nunaber. The other criterion is a
comparison of the computed elevation power spectrum with one obtained
by observing vehicle behavior.
15
III. DISCUSSION OF RESULTS
A. Typical Elevation Power Spectra
During this investigation elevation power spectra were calcu-
lated for fifteen different sections of highway. For each section at
least two different preliminary data processing procedures were employed,
and in many cases additional procedures were also used. As a conse-
quence, there are several elevation power spectra for each test section
and space does not permit all of these curves to be included in this
report. As a consequence, therefore, those power spectra that are con-
sidered typical are included.
Typical elevation power spectra are shown in Figures 2, 3,
and 4. In Figure 2 the elevation power spectra are shown for highway
test section Number 45 which was a rigid pavement having a BPR rougho-
meter rating of 116 inches per mile. The dotted curve shown in this figure
is the power spectrunn obtained by calculating deviations using the least
squares second order base line through three hundred elevation values.
Since the approximate length of this test section was 1200 feet, approxi-
mately four such base lines were used in making this calculation. The
deviations from each of the base lines were grouped together and the
resulting power spectrum calculation was made from these data.
16
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The solid curve indicates the resulting elevation power spectrum
when deviations are obtained from the same elevation measurements using
a fifty-one foot running mean as previously described.
Although these curves appear reasonably close together there
is a very large numerical difference in the low frequency region of the
curves. Since wavelength is the reciprocal of frequency, this large
difference occurs at very long wavelengths. Both curves indicate, however,
that the long wavelengths, associated with low frequencies, predonninate
as far as amplitude is concerned. In addition, both curves indicate a
reasonably constant value for frequencies between . 2 to .5 cycles per
foot. (This region corresponds to wavelengths ranging from five to two
feet in length. )
The effect of the technique employed to obtain the deviations is
clearly shown in this figure. The running miean very effectively filters out
long wavelengths, while these same wavelengths are retained when the
second order base line is employed. In general this is true for all high-
ways, and the curves shown in Figure 2 are typical of those obtained from
other test sections. >
A convenient criterion of pavement condition can be obtained by
measuring the area under the respective power spectrum curves. Using
this criterion Figure 2 indicates that a larger value would be obtained for
the second order base line than for the power spectrum connputed fronn the
running mean.
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At this point it is appropriate to recognize that such a criterion
will depend to a large extent upon the preliminary data processing pro-
cedure employed, and that the largest contribution to the area under the
power spectrum curve occurs in the very low frequency region. Since
the elevation power spectrunn calculation is made by frequency bands, it
has been the practice of some investigators to omit the area under the
power spectrum curve that occurs in the first frequency band. This
would partly eliminate the large difference resulting from the two different
methods of obtaining elevation deviations as well as avoiding other com-
plications. In subsequent results the consequences of omitting this por-
tion of the area under the power spectrum curve are discussed in greater
detail.
The results obtained for a flexible pavement are shown in
Figure 3 in which the pavement had a BPR roughometer rating of 63
inches per mile.
Again a large difference in ordinates is indicated in the low
frequency region, but in addition, a greater difference exists between
the two curves in the higher frequency region that existed for the curves
shown in Figure 2, These results are typical for calculations made on
flexible pavements. It is shown in Figure 3 that the data processing
procedure makes a greater difference in the resulting spectrum calcu-
lation than existed in Figure 2. This is typical for flexible pavemients
when a calculation based on a running mean is compared to the sanne
calculation based on the use of a second order base line.
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Power spectra calculated for a pavement of overlay construc-
tion having a BPR roughometer rating of 93 inches per mile are shown
in Figure 4. At this point it is disturbing to note that the first ordinate
in Figures 2, 3, and 4 is apparently unrelated to the roughometer ratings
of the highway sections in question. This discrepancy is revealed in
subsequent results.
In general, all elevation power spectrum curves have
essentially the same shape. The largest ordinates occur at the smallest
frequencies, indicating that long wavelengths in the highway have the
greatest amounts of power associated with them. The minor fluctuations,
evident in all curves, are not statistically significant. These curves are
thus typical of practically all of the elevation power spectra that were
computed.
B. Comparison of Elevation Power Spectra With BPR Roughometer
Ratings
If the area under the elevation power spectrum is taken as a
criterion of pavement condition, it can be compared directly with BPR
roughometer ratings of the same pavement sections. This comparison
is shown in Figures 5, 6, and 7. In each of these figures there are
four curves. This is due to the fact that the related power spectra were
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squares second order base line. For each spectrunn thus obtained, the
area was determined with and without the first frequency band as pre-
viously discussed. The following legends therefore appear on the curves;
Rmean(0-M;) = running mean (5 1 feet) , total area
computed
Rmean ( 1 - -^i) = running mean (51 feet) , area due to
first frequency band omitted
Secosq (O - M) = second order base line (300 feet),
total area connputed
Secosq (1 - M) = second order base line (300 feet), area
due to first frequency band omitted
The results for rigid pavements are shown in Figure 5, in
which the use of the running nnean gives a better relationship with the
BPR roughometer ratings than does the use of the second order base
line. In addition, this figure indicates that omitting the effect of the
first frequency band does not appreciably alter the relationship in either
case.
In Figure 6 the results are shown for five flexible pavements.
Here a much less satisfactory relationship is indicated. Again the use
of the running nnean produces a more reasonable relationship than that
obtained from the second order base line, and the effect of using only
26
part of the area under the power spectrum curves is again shown to have
little influence on the relationship between the two criteria of pavement
condition in question.
A connparison of the same relationship for five pavements of
overlay construction is shown in Figure 7. Again better results are
obtained when a running mean is used, but unfortunately a relationship
comparable to that observed in Figure 5 is not revealed.
The curves shown in Figures 5, 6, and 7 indicate that the use
of a running mean provides a more reliable criterion of pavement condi-
tion than does the use of the second order base line. Unfortunately even
this criterion is not completely reliable, and pavements that are extremely
rough do not exhibit a corresponding increase in the area under their power
spectrum curves.
The relationship between the area under the power spectrum
curve and the BPR roughometer rating is influenced by the technique
for calculating the power spectrum as shown by Figures 5, 6, and 7.
This relationship was also investigated by using another technique
for calculating the power spectrumi in which a different procedure was em-
(5)
ployed to determine the deviations, and a slightly different method was
used to make the remaining calculations. The results of this study are
shown in Figure 7, in which a comparison is made with the previous
relationships. This connparison indicates that almost identical results
are obtained when using either method for calculating the power spectra.
27
Neither method indicates that the roughest pavement ( by BPR roughometer
measurements) has the largest area under the power spectrum curve.
Although other portions of the curves appear reasonable, the failure of
both methods to indicate the greater roughness of the pavement in question
is somewhat disturbing.
C. Comparison of Elevation Power Spectra With Measured Dynamic Tire
Force
(7)
In a previous article a reasonably good relationship was
observed between the dynamic tire force and the BPR roughometer ratings.
It was therefore considered of interest to plot the area under the power
spectrum curves against the mean square value of the dynamic tire forces
nneasured on the highway sections in question. The results are shown in
Figures 8, 9 and 10. In Figure 8, additional roughness is reflected in the
dynamic tire force, but for the roughest pavement the area under the power
spectrum) curve is again not proportionately larger. The best results were
obtained for the flexible pavements, Figure 9, but for the overlays the results
were less satisfactory.
Again, the running mean gives better results, but there are pavements
that are rougher (considering dynannic tire forces) for which the spectrum
















































































































D. Comparison of ii^levation Power Spectra with the Power Spectra
Experienced by the Vehicle
The evidence presented so far indicates that the use of the
running mean is preferable to the second order base line when calcu-
lating elevation power spectra. This conclusion appears to be valid
when criteria of pavement condition are compared. If, however, the
elevation power spectra are to be used to predict vehicle behavior, the
question arises as to the validity of either of these methods for this
purpose.
In a recent paper (3) the elevation power spectrum experi-
enced by a vehicle was presented. It is interesting to compare an
elevation power spectrum based upon experimental vehicle behavior
with the spectra obtained from the elevation measurements. A compari-
son of this type is shov/n in Figure 11, in which the elevation power
spectrum experienced by a vehicle moving over a highway at a constant
velocity is shown by the dash lines. This figure indicates that both
techniques for calculating elevation power spectra from elevation power
measurements indicate more power (larger amplitudes) in the highway for
the shorter wavelengths than is actually experienced by the vehicle.
Moreover, both methods underestinnate the power in the long
wavelengths (low frequencies) as compared to that experienced by the
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a more accurate estimate of power than does the use of the running mean.
Since the power in this region is much larger than the power in other regions,
this is an important point in favor of the use of a second order curve.
Neither a running mean nor a second order base line provides
deviations that yield a completely satisfactory power spectrum for
characterizing a highway, and both techniques overestimiate the power
in the high frequency region.
Unfortunately this is not a negligible situation as far as the
dynamic tire forces are concerned. This is due to the fact that the
vehicle is extremely sensitive to highway excitation at high frequencies,
and as a consequence dynamic tire forces predicted from elevation power
spectra shown in Figure 11 will be greater than the forces actually
measured when the vehicle is operated over the highway. The compari-
son indicated in this figure reveals the fact that neither method for
calculating an elevation power spectrum from elevation measurennents
is entirely satisfactory as far as the prediction of vehicle forces is
concerned.
£. Comparison of Highway Power Spectra Computed from Elevation
Measurements with the Power Spectrunn Computed from Data
Obtained Using Special Devices
(9)During this investigation a truck nnounted profilometer
(10)
operated by the University of Michigan, and a special test vehicle
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operated by the General Motors Corporation, were utilized on the test
sections under consideration. Infornnation from these devices was
available in the fornn of oscillograph records. The labor involved in
reading these records in order to obtain data for calculating power
spectra was appreciable, and as a result only a limited amount of such
data could be obtained.
Actually the data obtained from the oscillograph records
could not be used directly to calculate che power spectra. It was neces-
sary to preprocess these data in order to insure a zero mean value, and
thus individual judgment was involved in selecting the preprocessing
procedure. In addition, the selected procedure influenced the resulting
power spectrum, and thus the curves that follow do not represent ex-
clusively the characteristics of the instruments used to collect the
data. In view of this situation it is therefore not possible to make a
detailed compari.on of the instruments involved in these tests.
The truck mounted profilometer has been described in previous
reports and will not be dealt with extensively here. It is sufficient to say
that this device obtains deviations of the highway profile from a base line
established by the profilometer. From this infornnation it was possible
to calculate an elevation pov.'er spectrun- after the data had been processed
to obtain a zero mean value and the re^^ults of this calculation are shown in
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computed from elevation measurements using the second order base
line and this curve is shown by the dotted line in Figure 12. It is
interesting to note that this device indicates less power in the high
frequency region than does the power spectrum obtained from elevation
measurements and for this reason gives a better approximation to the
power spectrum experienced by the vehicle. It should be emphasized,
however, that the information shown in Figure 12 is based on a very
limited number of data values.
A specially instrumented truck, operated by the General Motors
Corporation, utilized a servo-seismic electronic system to obtain ele-
vation measurements of the highway profile. As in the case of the
digital calculations, it was necessary to filter out the enormous wave-
lengths of the profile under consideration. This was done electronically,
and provision was made to select the wavelengths that could be eliminated
by the use of appropriate filters. The results obtained from this equip-
mient thus depended upon the filter that was used to obtain the data.
Moreover, in calculating a power spectrunn from these data it was neces-
sary to preprocess the data before making the power spectrumi calculations,
and this operation influenced the power spectrum calculated from these data.
In Figure 13 is shown an elevation power spectrum, calculated
from data obtained by the servo - seisnnic system using a 90 foot electronic
filter. Also shown in this figure is the elevation power spectrum calculated
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the elevation deviations. As would be expected, the power associated
with the spectrum obtained using the servo-seismic device is less
than the power associated with the curve obtained from the elevation
measurements.
The effect of using a 600 foot filter in the servo-seismic
device is shown in Figure 14. Here the same preliminary data pro-
cessing technique was used on the data obtained from the General Motors
device as was used on the elevation measurements. Although the com-
parison is favorable it cannot be considered significant because of the
very limited number of data values that were used.
It should again be emphasized that the information shown in
Figures 12, 13, and 14 is based on a very limited annount of data due to
the fact that oscillograph records had to be processed by hand.
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Further information could have been obtained i'rom the data
collected on this project if funos had been available to continue the
study. In particular it woulc have been possible to investigate further
the problems associated with the calculation jf power spectra from
elevation measurements. In this regard it would have been desirabl'e
to have had elevation surveys made on sections of considerably longer
lengch than those used in this investigation.
Of fundamental iinportanc^ in calculating power spectra
from any experimental data (elevation measurements, proiilometer
,
servo-seisinic system) is the selection of the data processing technique.
Further study in this area would be valuable.
As a consequence of this investigation the following conclusions
are presented.
A. Power spectra calculate froin elevation measurements were
less reliable as a criterion of highway condition than were nneasure-
ments made with other devices including the,BPR roughometer. The
r>^sults of this investigation indicate that the use of a. running mean
provioes a more reliable ciiterion of pavement condition than
does the use of a secona order basv; line wh^n th^ aeviations are
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to be determined. Since the length of the running mean was considerably-
different than the length of the second order base line that was ennployed,
it is difficult to make a direct connparison from the data that are presently
available. There is also evidence to indicate that the accuracy of the
elevation mieasurements may not be sufficient to afford the calculation
of a reliable criterion of this type.
B. The limited results obtained from information obtained by both
the special device operated by the General Motor Corpoiation and the
truck mounted profilometer operated by the University of Michigan
indicate that information can be obtained fronn both of these devices to
calculate highway spectra. The connparison between spectra computed
from data obtained using these devices and the spectrum calculated from
elevation measurements is very encouraging. It is unfortunate that an
extrennely small number of data had to be used in this phase of the work.
C. The power spectrum appears to be a good way to characterize
pavement condition when vehicle response is to be determined, but the
data from which a spectrum is to be calculated is a matter for further
consideration. Many features of the elevation power spectrum make it
attractive as a method for characterizing highway condition. It is
evident, hov/eveA, ^'hat certriin oroblems are encountered when such a
42
characterization is undertaken from highway elevation measurements.
It may be nnore feasible, however, to obtain highway power spectra
froin the response of special test vehicles properly designed for this
purpose than by calculating such spectra from elevation measurements
made under the usual field conditions.
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